The unfolded protein response (UPR) is a homeostatic signaling mechanism that balances the protein folding capacity of the endoplasmic reticulum (ER) with the cell's secretory protein load. ER protein folding capacity is dependent on the abundance of chaperones, which is increased in response to UPR signaling, and on a sufficient ATP supply for their activity. An essential branch of the UPR entails the splicing of XBP1 to form the XBP1 transcription factor. XBP1 has been shown to be required during adipocyte differentiation, enabling mature adipocytes to secrete adiponectin, and during differentiation of B cells into antibody-secreting plasma cells. Here we find that adenylate kinase 2 (AK2), a mitochondrial enzyme that regulates adenine nucleotide interconversion within the intermembrane space, is markedly induced during adipocyte and B cell differentiation. Depletion of AK2 by RNAi impairs adiponectin secretion in 3T3-L1 adipocytes, IgM secretion in BCL1 cells, and the induction of the UPR during differentiation of both cell types. These results reveal a new mechanism by which mitochondria support ER function, and suggest that specific mitochondrial defects may give rise to impaired UPR signaling. The requirement for AK2 for UPR induction may explain the pathogenesis of the profound hematopoietic defects of reticular dysgenesis, a disease associated with mutations of the AK2 gene in humans.
The unfolded protein response (UPR) is a homeostatic signaling mechanism that balances the protein folding capacity of the endoplasmic reticulum (ER) with the cell's secretory protein load. ER protein folding capacity is dependent on the abundance of chaperones, which is increased in response to UPR signaling, and on a sufficient ATP supply for their activity. An essential branch of the UPR entails the splicing of XBP1 to form the XBP1 transcription factor. XBP1 has been shown to be required during adipocyte differentiation, enabling mature adipocytes to secrete adiponectin, and during differentiation of B cells into antibody-secreting plasma cells. Here we find that adenylate kinase 2 (AK2), a mitochondrial enzyme that regulates adenine nucleotide interconversion within the intermembrane space, is markedly induced during adipocyte and B cell differentiation. Depletion of AK2 by RNAi impairs adiponectin secretion in 3T3-L1 adipocytes, IgM secretion in BCL1 cells, and the induction of the UPR during differentiation of both cell types. These results reveal a new mechanism by which mitochondria support ER function, and suggest that specific mitochondrial defects may give rise to impaired UPR signaling. The requirement for AK2 for UPR induction may explain the pathogenesis of the profound hematopoietic defects of reticular dysgenesis, a disease associated with mutations of the AK2 gene in humans.
Cellular homeostasis depends on the continuous synthesis of transmembrane and secretory proteins to maintain cellular integrity and an appropriate extracellular environment. These proteins are translocated into the endoplasmic reticulum (ER) for post-translational processing, involving the function of numerous chaperones that catalyze ATP-dependent protein folding. When the need for endoplasmic reticulum folding capacity rises (ER stress), a transient inhibition of protein synthesis is triggered, followed by an increase in chaperone levels. This coordinated response is known as the unfolded protein response (UPR). When the UPR fails to resolve ER stress, a global response is triggered that can lead to apoptosis and is linked to multiple human pathologies (1) (2) (3) (4) (5) .
The UPR is initiated through three known signaling pathways, the PERK, ATF6, and IRE1 pathways (2, 6, 7) . PERK activation transiently decreases protein synthesis, and ATF6 is proteolytically cleaved to form a transcription factor that induces chaperone transcription. IRE1 is a bi-functional kinase/site-specific endoribonuclease that catalyzes XBP1 mRNA splicing, generating a stable mRNA product (sXBP1) from which the transcription factor XBP1 is translated. Like ATF6, XBP1 induces chaperone transcription. An important feature of IRE1 is that, unlike other autophosphorylating kinases, IRE1 is not activated by self-phosphorylation but rather by the occupancy of its ATP binding site (8).
Given the requirement for ATP in chaperone function and IRE1 activation, the initiation and maintenance of the UPR is likely to be influenced by cellular energy levels. Several observations are consistent with the need for adequate energy metabolism to support the induction of the UPR and ER function. For example, ischemia, which is associated with reduced nutrient delivery and decreased ATP production, affects the ER stress response both in brain and in myocardium (9,10). Also, adipose tissue from obese animals displays evidence of enhanced PERK activity (11) , possibly resulting from obesity-related hypoxia (12) . A specific, major function of adipose tissue is to secrete adiponectin, a 247 amino acid polypetide that undergoes extensive folding to form a trimer stabilized through disulfide bonds (13, 14) . Multimers of the trimer are secreted into the circulation, reaching concentrations of 10-20 µg/mL, suggesting that adiponectin secretion comprises a substantial load on the adipocyte ER (15) . Adiponectin secretion by 3T3-L1 adipocytes is compromised by mitochondrial poisons and enhanced by increased mitochondrial capacity (16) , suggesting a high energy requirement for processing.
We have previously reported that differentiation of 3T3-L1 preadipocytes is accompanied by a robust increase in mitochondrial biogenesis (17) , which coincides with the initiation of adiponectin secretion. Additionally, it has been shown that the UPR is upregulated during 3T3-L1 adipocyte differentiation (18) . These findings suggest the possibility that these two events are functionally linked, with mitochondrial function being required for UPR induction and to sustain adiponectin secretion in differentiated adipocytes.
Mitochondria play an essential role in fulfilling the energetic needs of the cell, as well as numerous other roles required for cell function. This multiplicity of roles is reflected in the variation in the mitochondrial proteome seen among different tissues (19, 20) , or during differentiation (17) . Here we report that in addition to a general increase in mitochondrial mass and oxidative phosphorylation (17) , adipocyte differentiation is associated with a striking increase in the levels of adenylate kinase 2 (AK2), an enzyme localized in the mitochondrial intermembrane space that controls adenine nucleotide levels. AK2 is a member of an ancient family of proteins (EC. 2.7.4.3), present from bacteria to humans, that catalyze the reversible reaction ATP+AMP=2ADP. The function of AK is classically described to be the maintenance of a constant concentration and fixed ratio of adenine nucleotides and the monitoring of cellular energy state through nucleotide sensing and signaling (21) . The single isoform of adenylate kinase present in bacteria and lower eukaryotes is essential for life (22-24), and AK2 is required for Drosophila development (25). Moreover, mutations in AK2 are the basis for a profound failure of lymphopoiesis in humans (26,27). Based on these precedents, the induction of AK2 with adipocyte differentiation may signify an important role for this enzyme in energy homeostasis in the mature adipocyte.
To investigate the relationship between mitochondrial function and the induction of the UPR, we focused on two aspects of mitochondrial energy metabolism: the generation of ATP through oxidative phosphorylation and AK2-catalyzed nucleotide conversion. Previous work from our laboratory has shown Tfam, a factor involved in mitochondrial DNA transcription and replication (28) can be silenced during 3T3-L1 adipocyte differentiation, mitigating the increase in oxidative phosphorylation that accompanies mitochondrial biogenesis (29). Thus, we investigated the effects of both Tfam and AK2 depletion on the induction of the UPR. We find that, while impairment in oxidative phosphorylation has little effect, AK2 depletion strongly compromises the induction of the UPR in adipocytes, and more so in B cells, which represent professional secretory cells. These results reveal a novel mechanism by which mitochondrial energy metabolism and ER homeostasis are linked, which may explain the profound hematopoietic defects associated both with UPR deficiency (30) and with genetic deficiency of AK2 (26,27).
EXPERIMENTAL PROCEDURES

Reagents:
Primary antibodies used were: Anti-ACRP30/adiponectin (Affinity Bioreagents, Inc.); anti-BiP (Transduction Laboratories); anti-cytochrome C (BD Pharmingen); anti-CHOP (Santa Cruz); anti-calreticulin (Calbiochem); anti-mouse IgM (µ-chain specific) and anti-beta-actin (Sigma); anti-Phospho-AMPKα (40H9) and anti-Phospho-Acetyl-CoA Carboxylase (Cell Signaling Technology). Chicken IgY against AK2 was generated by immunization with full-length purified mouse AK2. Anti-ERO1-Lα and XBP1 was kindly provided by Dr. Fumihiko Urano.
Cell Culture: All cells were obtained from American Type Culture Collection and grown under 10% CO 2 . 3T3-L1 cells were cultured in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U of penicillin/mL, 100µg of streptomycin/mL, and 50µg of normocin/mL (InvivoGen), which was replaced every 48 hrs unless otherwise stated. 3T3-L1 cells were grown on 150-mm dishes. Three days after reaching confluence (day 0), media was replaced with culture media containing 0.5mM 3-isobutyl-1-methylxanthine (Sigma), 0.25µM dexamethasone (Sigma), and 1µM insulin (Sigma). 72 hrs later, media was replaced with culture media. For chemical treatments, cells were treated with 6µM tunicamycin. 10µg/mL oligomycin, or 5µM FCCP for times indicated. BCL1 cells were cultured in RPMI 1640 media supplemented with 10mM Hepes, 1mM sodium pyruvate, 2.5g/L D-glucose, 10% fetal bovine serum (FBS), 100 U of penicillin/mL, 100µg of streptomycin/mL, and 55µM B-mercaptoethanol. Cells were induced to differentiate by stimulating with 20µg/mL Lipopolysaccharide (LPS).
Immunoblot Analysis: Cell monolayers were washed twice with ice-cold phosphate-buffered saline (PBS) and scraped into boiling 1% sodium dodecyl sulfate (SDS) in PBS. Protein concentration was determined by BCA (Pierce), and equal amounts of protein were separated on SDS-PAGE and transferred to nitrocellulose. Samples of the cell culture medium were taken every 24 hrs just prior to media replacement, or as indicated in figure legends, spun 5 min at 500xg, and equal volumes were separated on SDS-PAGE and transferred to nitrocellulose. The membranes were blocked with 5% nonfat-milk in Tris-buffered saline with 0.1% Tween and incubated with primary antibodies overnight. They were then incubated with anti-rabbit or anti-mouse IgG horseradish peroxidase conjugated antibodies (Promega) or anti-chicken IgY horseradish peroxidase conjugated antibodies (Sigma) and detected using enhanced chemiluminescence (Perkin Elmer Life Sciences, Inc.). Films were scanned, and band intensities were quantified by using Photoshop software as follows. Images were inverted to render the bands white; bands were next selected by using the rectangular marquee tool and then delineated by using the color range tool until the whole band was selected. The histogram function was used to determine the number of pixels in the selection, which was multiplied by the average pixel intensity.
siRNA transfection of 3T3-L1 cells: siRNA oligos to mouse AK2 were obtained and used as a SMARTpool from Dharmacon. siRNA against mouse Tfam mRNA was purchased from Dharmacon in a duplex form with 3'-dTdT protective overhangs (sense sequence is 5'-GAAUGUGGAUCGUGCUAAAdTdT-3'). Experiments were performed 48 hrs post-transfection or as indicated in figure legend. For day 2 transfections, medium was collected and cells were lifted with 1x trypsin supplemented with 1% collagenase and transfected with either 5 nmol Tfam or scrambled siRNA or with 20 nmoles AK2 or scrambled siRNA into approximately 10 7 cells by electroporation. Cells were resuspended in the collected day 2 medium and re-plated; 24 hrs later, the differentiation medium was replaced by complete medium and the medium was refreshed every 2 days afterward. For day 5 transfections, cells were lifted with 1x trypsin with 1% collagenase, and 20 nmoles of siRNA were introduced into approximately 10 7 cells in suspension by electroporation. Cells were re-plated and 48 hrs later experiments were performed. siRNA nucleofection of BCL1 cells: Scrambled siRNA or siRNA oligos to mouse AK2 were obtained and used as a SMARTpool from Dharmacon. Cells were suspended, and 0.5 nmoles of siRNA were introduced into approximately 2.5x10 6 cells using the Amaxa Nucleofector  Kit V and program G-015.
Cells were re-plated and 24 hrs later media was replaced and cells were induced to differentiate.
Quantitative RT-PCR: Total RNA was extracted by using TRIzol reagent (Invitrogen). For quantitative mRNA analysis, 2µg of the total RNA was reverse-transcribed by using an iScript cDNA Synthesis kit (Bio-Rad). Ten percent of each RT reaction was subjected to quantitative real-time PCR analysis using an iQ SYBR green supermix kit and Real-Time PCR detection system following manufacturer's instructions (MyiQ, Bio-Rad). Ferritin heavy chain (Fth) or beta-actin were used as an internal housekeeping gene. Relative gene expression was calculated by the 2 -ΔΔ CT method (31).
Mitochondrial DNA Measurement: Total DNA was extracted by DNeasy® tissue kit. Primer pairs corresponding to Nd1 (mitochondrial) and Actb (nuclear) were used to amplify a mitochondrial and nuclear DNA fragment, respectively. The 2 -
ΔΔ
CT method was used to analyze the relative mtDNA level.
Adenine Nucleotide Assay: Levels of adenine nucleotides were measured by a coupled enzymatic assay (32). Cells were washed twice with 1x PBS and then scraped into 20mM Hepes with 3mM MgCl2 pH 7.75. An equal volume of 10% TCA was added, lysate was incubated 3 min and then spun at 5000xg for 5 min. Supernatant was transferred to a new tube and neutralized by diluting 1:5 with 1M Tris pH 7.5. 10µL of sample was added to 12 wells each of an opaque 96-well plate. 90µL of 20mM Hepes with 3mM MgCl2 pH 7.75 was added to each well. To eight wells of each sample, 1.5mM phosphoenolpyruvate (PEP) and 2.3U/mL pyruvate kinase (PK) were added to convert ADP to ATP. To 4 of those wells, 36U/mL of adenylate kinase was added to determine AMP levels. The plate was incubated for 30 mins then 100µl of the CellTiter-Glo luminescent assay reagent (Promega) was added and incubated for an additional 15 mins. Luminescence was measured using a Safire2 multimode microplate spectrophotometer (Tecan). Relative ADP levels were determined by subtracting the wells with PEP/PK from those without. Relative AMP levels were determined by subtracting the wells with PEP/PK/AK from those with just PEP/PK.
2-Deoxyglucose Uptake Assay:
Cells were plated in a 24-well dish. Cells were starved for 2 hours in KRH buffer (with 2mM sodium pyruvate and 1% BSA), uptake was initiated by the addition of [ 3 H]2-Deoxy-D-glucose to a final assay concentration of 100µM for 5 min at 37°C. Assays were terminated by three washes with ice-cold phosphate-buffered saline, and the cells were solubilized with 0.4mL of 1% Triton X-100, and 3 H content was determined by scintillation counting. Nonspecific deoxyglucose uptake was measured in the presence of 20µM cytochalasin B and subtracted from each determination to obtain specific uptake.
Oxygen Consumption: Cells were trypsinized and resuspended in KRH buffer. Approximately 7.5x10 4 cells in 150µL of KRH buffer (with 2mM sodium pyruvate and 1% BSA) were added to wells in a BD Oxygen Biosensor System plate (BD Biosciences). 10µg/mL oligomycin, 5µM FCCP, 2.5 mM glucose, or 10 µM palmitate was added to wells in triplicate. Plates were sealed and fluorescence intensity recorded for 120 minutes (2 minute intervals) at an excitation wavelength of 485 nm and emission wavelength of 630 nm on a SAFIRE multimode microplate spectrophotometer (Tecan) maintained at 37°C.
RESULTS
UPR induction correlates with mitochondrial biogenesis and remodeling in 3T3-L1 cells
Consistent with previous findings (18), we find that the levels of XBP1 and several proteins involved in protein folding, such as BiP and ERO1α, are upregulated early during adipocyte differentiation ( Figure 1A ). This induction precedes secretion of adiponectin/Acrp30 ( Figure 1B ) and parallels mitochondrial biogenesis as assessed by cytochrome c protein expression ( Figure 1C, upper panel) . In addition to increased mitochondrial mass, differentiation is accompanied by mitochondrial remodeling, where mitochondrial proteins specific for adipocyte function are induced (17, 19, 20) . We find that one of these proteins is adenylate kinase 2, ( Figure  1C , lower panel), which is also highly expressed in white adipose tissue, liver, pancreas, and kidney ( Figure 1D and (27,33) ).
Effect of Tfam depletion on UPR induction
We have previously shown that siRNA-mediated depletion of Tfam, a nuclear-encoded transcription factor for mitochondrial DNA, leads to impaired respiratory chain function (29) without changes in overall mitochondrial mass. This alteration of respiratory chain function did not impair secretory function, as adiponectin secretion was unaffected (29). Consistent with these previous findings, siRNA targeted depletion led to a decrease in Tfam mRNA expression and mtDNA content by 60 and 40% respectively (Figure 2A, B) . This depletion in Tfam expression did not impair basal sXBP1 levels, nor the basal levels of key elements of the UPR, including PERK, ATF6, IRE1α ( Figure 2C ). Analysis of proteins involved in the control of post-translational processing in the ER revealed a decrease in mRNA levels for ERO1α, which re-oxidizes protein disulfide isomerase to support disulfide bond formation (34). ERO1α levels are sensitive to oxygen tension (35), suggesting that its decrease may reflect alterations in redox state caused by impairment in respiratory chain function in Tfam depleted cells. Taken together these data indicate that decreased respiratory chain function through Tfam depletion does not significantly impair the induction of the UPR induced by differentiation in 3T3-L1 cells.
To determine whether impaired respiratory chain function would affect the acute induction of the UPR in fully differentiated cells, we examined the effects of tunicamycin, which blocks N-linked glycosylation causing the rapid accumulation of unfolded proteins. The integrated magnitude of tunicamycin-induced XBP1 splicing ( Figure 2D ) and induction of BiP mRNA ( Figure 2E ) over a 24 hour period were not diminished by Tfam depletion. These experiments suggest that respiratory chain activity and oxidative phosphorylation are not rate limiting for acute UPR induction in fully differentiated 3T3-L1 adipocytes. These results are also consistent with previous reports of a lack of requirement for electron transport for BiP induction in response to thapsigargin-induced ER stress (36).
Effect of AK2 depletion during 3T3-L1 adipocyte differentiation
To analyze the role of AK2, RNAi oligonucleotides directed against AK2 were introduced at day 2 of differentiation, to match the experimental conditions used in the analysis of Tfam shown above. At day 5 of differentiation, AK2 mRNA levels were decreased by 90%, and protein levels by an average of 60% ( Figure 3A) . Depletion of AK2 did not measurably affect differentiation as estimated by lipid accumulation (data not shown), nor by the mRNA levels of genes involved in adipocyte differentiation such as PPARγ, or reflective of differentiation such as Glut4 ( Figure 3B ). To determine whether AK2 depletion affected adipocyte energy homeostasis, we measured glucose uptake, lactate production and oxygen consumption as indicators of glycolytic rate and oxidative capacity. A small increase in basal by guest, on November 10, 2010 www.jbc.org Downloaded from glucose uptake ( Figure 3C ) was seen, together with a decrease in oxygen consumption ( Figure 3D) , observed in the presence of either glucose or fatty acids as substrates, and also when maximal consumption was elicited by uncoupling the respiratory chain with FCCP. AK2 depletion was also accompanied by decreased mRNA levels of several mitochondrial proteins involved in oxidative phosphorylation and fatty acid transport ( Figure 3E ), but not by an overall decrease in mitochondrial gene expression. These results indicate that depletion of AK2 results in changes in adipocyte energy homeostasis, but these effects do not detectably impair key adipocyte properties such as mitochondrial biogenesis and triglyceride storage. The functional effects of these alterations on adenine nucleotide levels are described latter in Figure 6 .
We then examined the effects of AK2 depletion on expression og gnes associated with the UPR . IRE1α, PERK, and ATF6 mRNA levels, were decreased by 40-50%, and total and spliced XBP1 were decreased by 80% in AK2-depleted cells ( Figure  3F ). The expression level of the transcription factor CHOP, which is responsive to sustained UPR signaling, was also significantly decreased ( Figure 3F ). We were not able to detect changes in protein levels of IRE1α, PERK or ATF6, possibly due to antibody sensitivity, but significant decreases in protein levels of XBP1, and of BiP and ERO1α, which are downstream of UPR signaling, were consistently seen ( Figure 3G ). In contrast, the calcium binding protein calreticulin, which is not regulated by UPR signaling was unaffected. To determine whether the perturbations in differentiation-induced UPR signaling translated into alterations in ER function, we measured adiponectin secretion in AK2 depleted cells. Despite unaltered levels of total cellular adiponectin seen in western blotting of cell extracts ( Figure 3G , bottom panel), adiponectin secretion into the media was diminished ( Figure 3H ). Thus, the decreased expression level of ER components induced by AK2 depletion appears sufficient to result in impaired secretion.
Effect of AK2 depletion on the acute induction of the UPR
To determine whether AK2 might play a role in the acute induction of the UPR in mature adipocytes, we silenced AK2 at day 5 of differentiation, and analyzed the effects of tunicamycin 48 h later, when AK2 mRNA and protein levels were depleted by > 80% ( Figure 4A ). XBP1 splicing in response to tunicamycin was delayed and reached a lower maximal in AK2 depleted cells ( Figure 4B ). This decrease was physiologically relevant, as BiP mRNA and protein accumulation were also significantly impaired ( Figure 4C ), as was adiponectin secretion ( Figure 4D) . A later, smaller response to tunicamycin treatment, CHOP induction, was also diminished in AK2 depleted cells ( Figure 4E ). These experiments indicate that AK2 activity is necessary for the full induction of the UPR both during differentiation and in response to an acute increase in protein misfolding.
Effect of AK2 depletion during BCL1 cell differentiation
If indeed AK2 is important for the induction of the UPR, its role should be also evident in professional secretory cells. The UPR, and in particular splicing of XBP1 is required for terminal differentiation of B cells into antibody producing plasma cells (37,38). Thus, we examined the role of AK2 in BCL1 cells, a mouse B cell lymphoma line that can differentiate in-vitro in response to LPS. Western blotting of extracts from BCL1 cells revealed a marked induction of AK2 protein upon LPS-induced differentiation ( Figure 5A ), similar to that seen in 3T3-L1 adipocytes ( Figure 1C) . Interestingly, AK2 mRNA levels did not change during this period indicating that AK2 protein expression is controlled by post-transcriptional mechanisms ( Figure 5B ).
To examine the role of AK2 in B cell differentiation, siRNA to AK2 was introduced prior to LPS stimulation. After 4 days, AK2 protein was undetectable ( Figure 5C ) and mRNA levels were decreased by 75% ( Figure 5D ). AK2 depletion did not impair LPS-induced differentiation, as BCL6, a canonical marker of B-cell differentiation, was unchanged, as was the level of IgM mRNA. To determine the effects of AK2 depletion on energy homeostasis in this cell line, we measured mRNA levels of mitochondrial proteins as well as mitochondrial oxidative function. No differences were seen in mitochondrial protein mRNA levels, on oxygen consumption (Figure 5F ), or on lactate production (data not shown) in response to AK2 depletion. Thus, AK2 depletion does not globally affect mitochondrial levels or oxidative function in BCL1 cells.
To determine the effect of AK2 depletion on the induction of the UPR we analyzed the mRNA levels of relevant ER proteins. A significant decrease in mRNA levels of IRE1α, sXBP1, and BiP, were seen ( Figure 5G ), and protein levels of BiP, but not by guest, on November 10, 2010 www.jbc.org Downloaded from calreticulin were markedly reduced ( Figure 5H ). To determine whether these changes are functionally relevant, we measured the levels of IgM in whole cell extracts, as well as in the amount secreted into the media. A profound decrease in both antibody levels and secretion was seen in AK2 depleted cells ( Figure  5I ). These experiments indicate that AK2 is required for the induction of the UPR during B cell differentiation, and for the establishment of secretory function.
Relationship between Adenine Nucleotide levels and UPR induction
These results shown above raise the question of the mechanisms by which AK2 can exert these effects on endoplasmic reticulum function. This enzyme catalyzes the conversion of adenine nucleotides in the mitochondrial intermembrane space, through the reversible reaction 2ADP=ATP+AMP. Adenylate kinase function has been hypothesized to comprise a phospho-relay mechanism that enables efficient coupling of mitochondrial ATP production with cytoplasmic ATP consuming processes (39,40). Thus, it is possible that the lack of AK2 results in an inadequate supply of ATP to the endoplasmic reticulum to sustain protein folding. Alternatively, an imbalance in adenine nucleotide levels caused by insufficient AK2 activity may lead to activation of compensatory mechanisms, such as activation of nucleotide-sensitive protein kinases (21) , which in turn could affect endoplasmic reticulum function.
To better define the alterations in adenine nucleotide levels caused by AK2 depletion, we measured ATP, ADP and AMP levels in 3T3-L1 adipocytes in which AK2 was silenced before ( Figure  6A ) or after ( Figure 6B ) differentiation, and in BCL1 cells after LPS induction ( Figure 6C) . A small decrease in total ATP levels was seen in all cases, and an increase in AMP levels was seen in mature adipocytes in response to AK2 depletion. We analyzed the effects of these changes in adenine nucleotide levels on AMP-activated protein kinase (AMPK) and its substrate acetyl-CoA carboxylase, by western blotting with phospho-specific antibodies. We were unable to detect any evidence for increased phosphorylation (data not shown), suggesting that AMPK activation does not underlie the impairment of secretion seen under these conditions.
To better understand the relationship between ATP levels and UPR function, we manipulated ATP levels using FCCP or oligomycin, which impair oxidative phosphorylation by dissipating the mitochondrial proton gradient or by directly inhibiting the mitochondrial ATPase respectively. At concentrations at which oligomycin caused a decrease in ATP levels comparable to that seen in AK2 knockdown cells, a small increase in basal levels of sXBP1 was observed ( Figure 6E ) (16), but the > 20-fold induction of XBP1 splicing in response to tunicamycin was completely blocked ( Figure 6F) . Similar results were seen in response to FCCP (not illustrated). Moreover, addition of oligomycin to cells following tunicamycin treatment rapidly stopped ongoing XBP1 splicing activity ( Figure 6F ). These results indicate that mitochondrial ATP production is required for the induction and maintenance of the UPR in response to an acute increase in misfolded protein load. AK2 may be important for coupling ATP production in mitochondria with ATP utilization by the ER.
DISCUSSION
The UPR is an important cellular homeostatic mechanism that is elicited in response to increased folding needs in the ER. The UPR has also been proposed to function as a sensor for whole cell energy status (41), being responsive to both glucose and oxygen deprivation. In fact, the UPR was first identified as a response to glucose limitation, which leads to an accumulation of misfolded proteins by impairing protein glycosylation. Interestingly, activation of PERK, one of the key pathways of the UPR, is stimulated in some cases in response to glucose deprivation by pathways that are independent of misfolded protein accumulation (42). These precedents underscore the important functional link between energy homeostasis and the UPR, mediated through various yet unknown molecular mechanisms.
In this manuscript, we find that adenylate kinase, a core component of adenine nucleotide metabolic homeostasis from prokaryotes to eukaryotes, is linked to the induction of the UPR in mammalian cells. Specifically we find that depletion of AK2, the isoform of adenylate kinase localized to the mitochondrial inter-membrane space, impairs the induction of the UPR seen upon differentiations of 3T3-L1 adipocytes and B cells. In addition, AK2 is required for the full induction of the UPR in response to acute accumulation of misfolded proteins in mature adipocytes.
AK2 is a member of a conserved, ancient protein family involved in the inter-conversion of adenine by guest, on November 10, 2010 www.jbc.org Downloaded from nucleotides through the reversible reaction ATP+AMP=2ADP (33,43,44). Several isoforms of AK exist in humans, and they differ in subcellular localization and tissue distribution (45). The most studied is AK1, a cytoplasmic protein expressed specifically in muscle and heart. Studies in knockout mice have suggested that AK1 functions to maximize ATP utilization efficiency during muscle contraction, by distributing ATP from sites of production to sites of consumption via phosphotransfer reactions (40,46,47) . While the specific role of AK2 in the regulation of adenine nucleotide metabolism and energy homeostasis in mammalian cells is to our knowledge unexplored, our results suggest that AK2 may mediate energetic coupling between mitochondria and ER.
The specific location in the mitochondrial intermembrane space positions AK2 to locally supply ATP to the ER under a range of cellular energetic conditions. Under conditions of diminished oxidative phosphorylation, accumulating ADP levels can drive the AK2 reaction towards ATP and AMP production (Figure 7) . ATP thus formed can sustain ATP-dependent ER functions. This model may explain why Tfam depletion fails to impair the UPR, while AK2 depletion has a pronounced effect. AK2 can also maximize the pool of high-energy adenine nucleotides. For example, under conditions when oxidative phosphorylation is functioning at high capacity, ADP can become rate limiting for ATP synthesis. Under these conditions, high ATP levels can drive the AK2 reaction towards ADP production by recruiting low energy AMP. In this way, AK2 has a unique capacity to supply ATP under low fuel conditions, and maximize energy production under high fuel conditions. Through these mechanisms, AK2 can insure a constant adequate supply of ATP to the ER.
The possibility that the regulation of adenine nucleotide balance by AK2 may be compartmentalized may explain the finding that AMPK activity was not detectably altered in response to AK2 depletion. This result could be explained if the pool of adenine nucleotides that can be sensed by AMPK is functionally separate from that sensed by AK2. Alternatively, the degree to which the AMP/ATP ratio is altered by AK2 depletion, which may be lesser than that seen in response to stimuli that activate AMPK in 3T3-L1 cells (51,52), may be insufficient to produce a detectable change. A. 3T3-L1 cells were transfected with scrambled (Scr) or AK2 targeting (AK2) siRNA at day 2 of differentiation and nucleotides were extracted at day 5. B. 3T3-L1 cells were transfected with scrambled (Scr) or AK2 targeting (AK2) siRNA at day 5 of differentiation and nucleotides were extracted at day 7. C. BCL1 cells were transfected with scrambled (Scr) or AK2 targeting (AK2) siRNA prior to differentiation and nucleotides were extracted at day 4. D. 3T3-L1 adipocytes at day 7 of differentiation were exposed to oligomicin (Olig) or FCCP for 2-4hrs and ATP levels in whole cell extracts was measured. Values are expressed as a function of the value in untreated cells (Con). E. Fold change of spliced XBP1 (sXBP1) mRNA levels was measured by qRT-PCR for 3T3-L1 adipocytes at day 7 of differentiation treated with oligomycin (Olig) or FCCP for 2-4hrs compared to untreated (Con). F. Cells were treated with tunicamycin (Tuni), with oligomycin (Olig) present from the start (t=0 hr) or added after 5. 
